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Bone Substitute Material 

This invention relates to a method of fabricating a 
bone substitute material, to a bone substitute material 
5 that can be produced by such a method and to a method of 
forming a bone graft. 

Various methods of fabricating bone substitute 
materials are known. The present invention provides 
novel methods of fabrication and novel materials that 
may advantageously be employed as bone substitute 
materials and have favourable physical properties. The 
invention also provides improvements to methods of 
forming bone grafts. 

According to a first aspect of the invention there 
is provided a method of fabricating a bone substitute 
material, the method comprising the steps of: 

providing a foam material having an open cell 
structure, 

distorting the shape of the foam material and 
holding the material in a distorted shape, 

coating the walls of the cells of the foam material 
with a ceramic slip, 

removing the foam material, and 
sintering the ceramic slip to form a bone 
substitute material that is approximately a positive 
image of the distorted foam material. 

We have found that by adopting the method defined 
above it is possible to obtain an orientated bone 
substitute material with different strength 
characteristics in different directions. Natural bones 
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also have orientated internal porous structures and the 
invention enables such natural structures to be 
reproduced more closely. 

Reference is made herein to the bone substitute 
5 material being ^^approximately" a positive image of the 
foam material because it will not usually be an exact 
image. For example^ usually the walls of the cells in 
the foam material will be solid whereas the walls of the 
cells of the bone substitute material will be hollow as 

10 a result of the removal of the foam material. On the 
other hand because the walls of the cells of the foam 
material are merely coated and are not filled, the bone 
substitute material is relatively close to being a 
positive image of the foam material and certainly is not 

15 a negative image. 

The step of distorting the shape of the foam 
material preferably comprises stretching the foam 
material, preferably in one direction only. Such 
distortion provides a material with different strength 
characteristics in one direction than in the other two 
orthogonal directions and in that respect reproduces the 
structure of various natural bone materials. 
Conveniently, the foam material may be held in a 
stretched condition by clamps engaging opposite edge 
portions of the foam material. The clamps may be held 
apart at a selected distance, for example by a jig. The 
foam material may then be heated to deform the material 
and then cooled to retain the deformation permanently. 



20 



25 



The degree of distortion of the foam can be chosen 
30 according to the degree of orientation required in the 

bone material- Typically the foam material is distorted 
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by more than 20% in one direction. In an example of the 
invention described below the foam material is stretched 
by 30% in one direction. 

The foam material may be removed by any suitable 
5 process. It is preferred,, however, that the step of 
removing the foam material comprises heating the 
material . The foam material may be a polymeric foam 
material, for example a polyurethane foam material, and 
may be removed by combustion. 

When the foam material is removed by heating, the 
method preferably comprises a first heating step in 
which the foam material is removed and a second, 
subsequent, heating step in which the ceramic slip is 
heated to a higher temperature and is sintered. 
Although the two heating steps may be merged into a 
single step, it is preferred that the first heating step 
is a gentle step allowing the foam material to be 
removed gradually. Preferably the temperature to 
which the filled foam material is heated does not 
exceed 800**C. Also, the temperature of the filled foam 
material is preferably increased slowly, preferably at a 
rate of less than 200**C/hr and more preferably less 
than lOO^'C/hr. For example, the filled foam material 
may be raised to a temperature of 600 ®C at a rate of 30 
to 60**C/hr in the first heating step; the material may 
then be maintained at a temperature of 600 for 1 hour. 

The heating step for sintering, which is the second 
heating step in the case where there are first and 
second heating steps, preferably involves heating the 
30 material to over 1,000®C. Preferably the material is 
maintained at a temperature of over 1000 for more 
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than 1 hour. In the example of the invention described 
below^ the second heating step comprises raising the 
temperature from 6O0''C to 1280''C at a rate of 120'*C/hr 
and then maintaining the material at 1280**C for 4 hours. 
Subsequently the material is cooled to room temperature 
at the rate of 200*'C/hr. 

The step of coating the walls of the cells of the 
foam material with a ceramic slip may include the steps 
of immersing the foam material in the ceramic slip and 
draining some of the ceramic slip from the foam 
material. In order to obtain a thicker coating the 
immersing and draining steps may be repeated. The steps 
may be repeated six or more times but we have found that 
repeating the immersing and draining steps once produces 
good results. 

Air may be directed, preferably at high velocity, 
onto the coated foam material, preferably onto all sides 
of the material, to inhibit the formation of closed 
cells. 

In order to promote even coating of the cells 
throughout the volume of the foam material, the foam 
material may be mechanically compressed and then allowed 
to expand while it is immersed in the ceramic slip. 
That compression is of course a separate distortion of 
the foam material from the one that causes the product 
of the method to be orientated and is merely a temporary 
distortion to facilitate coating. 

The sintered bone substitute material may be 
composed of any suitable ceramic material. 
Hydroxyapatite (HA, chemical formula 
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Caio(P04)6(OH)2fCa/P=1.67) is one of the preferred 
materials, together with tricalcimn phosphate (TCP, 
Ca/P=1.50). In the example of the invention described 
below the sintered product is a mixture of HA and TCP, 

The method preferably results in a bone substitute 
material having a macroporosity in the range of 40 
to 70%. Macropores are hereby defined as pores having 
an equivalent diameter greater than 10 jim and therefore 
a material with a macroporosity of 40% has 40% of the 
space it occupies consisting of pores each of which have 
an equivalent diameter greater than 10 ]m. 

Preferably the material has many relatively large 
pores. Thus it is preferred that more than half of the 
macroporosity of the material is provided by pores 
15 having an equivalent diameter greater than 150 pm and 
preferably in the range of 150 to 450 pm. 

For certain applications it is desirable to have a 
granular material. The method may therefore further 
comprise the step of breaking up the sintered bone 
20 substitute material into a plurality of separate pieces. 

According to the first aspect of the invention 
there is further provided a bone substitute material 
comprising a porous sintered ceramic having 
approximately the form of a positive image of an open 
25 celled foam material, the walls defining the cells 

within the material being hollow, wherein the cellular 
structure is orientated such that the cells generally 
have a length in one direction greater than a length in 
a perpendicular direction. 
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The cells may be of generally elongate form having 
a length in one direction greater than their lengths in 
the two other perpendicular directions. Preferably^ the 
cells have a length in one direction more than 20% 
5 greater than their lengths in the two other 
perpendicular directions • 

The material preferably has a macroporosity in the 
range of 40% to 70%. More than half of the 
macroporosity of the material is preferably provided by 
10 pores having an equivalent diameter in the range of 150 
to 450 ]im. In an example of the invention almost 80% of 
the macroporosity of the material is provided by such 
pores. 

Preferably the material has a breaking stress of 
more than 1 MPa, and preferably more than 2 MPa. Where 
reference is made to such a breaking stress, it should 
be understood that this is the breaking stress as 
measured by a three point bending test. Also, it is the 
minimum breaking stress of the material: it will be 
understood that in the case of an orientated material, 
the breaking stress will usually depend upon the 
direction of testing. In such a case, the breaking 
stress is to be regarded as the stress required to break 
the material when applied in a direction in which the 
material is strongest. 

A balance has to be struck between macroporosity 
and breaking stress. As the macroporosity is increased 
so the breaking stress will reduce. 

According to a second aspect of the invention, 
30 there is provided a method of fabricating a granular 
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bone substitute material, the method comprising the 
steps of: 

providing a multiplicity of pieces of foam material 
having an open cell structure^ each occupying a space of 
5 less than 1000 mm^, 

coating the walls of the cells of the pieces of 
foam material with a ceramic slip, 

removing the foam material, and 

sintering the ceramic slip to form a granular bone 
10 substitute material in which the granules are 

approximately positive images of the pieces of foam 
material. 

By taking the surprising step of using a 
multiplicity of pieces of foam material, rather than 
15 using a single larger piece of material, and then 

breaking up the sintered product into a multiplicity of 
pieces, we have found that it is possible to produce a 
granular product in which each of the granules can be of 
a controlled size and shape • 

20 The pieces of foam material are preferably 

relatively small and may have a maximiim dimension of 
less than 12 mm. The pieces of foam material may easily 
be formed from a larger piece of material, for example 
by cutting up the foam material- The pieces may be cut 

25 up into irregular or regular shapes, for example of 
approximately cuboidal shape. The pieces of foam 
material may be approximately cubes. In that case the 
cubes preferably have sides of length less than 8 mm. 
It is possible to provide pieces of foam material of 

30 varying sizes, resulting in a granular material in which 
the granules vary in size. Alternatively the pieces of 
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foam material may be all of substantially the same size. 
Similarly^ the pieces of foam may be all of 
substantially the same shape or of different shapes. A 
variety of sizes of granule promotes close packing but 
5 it may also be desirable to supply the granules in a 
series of ranges of size with relatively little size 
variation within each range. A purchaser can then 
select whatever mixture of sizes is appropriate for a 
particular application. 

10 If desired, the granular sintered material may be 

treated to reduce the size and/or alter the shape of the 
granules. For example^ the material may be sxibjected to 
a milling step, which may comprise ball milling. Such 
milling may, for example, be carried out in order to 

15 round the edges and corners of the granules. 

The foam material may be removed by any suitable 
process. It is preferred, however, that the step of 
removing the foam material comprises heating the 
material. The foam material may be a polymeric foam 
20 material, for example a polyurethane foam material, and 
may be removed by combustion. 

When the foam material is removed by heating, the 
method preferably comprises a first heating step in 
which the foam material is removed and a second, 

25 subsequent, heating step in which the ceramic slip is 
heated to a higher temperature and is sintered. 
Although the two heating steps may be merged into a 
single step, it is preferred that the first heating step 
is a gentle step allowing the foam material to be 

30 removed gradually. Preferably the temperature to 
which the filled foam material is heated does not 
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exceed 800 ''C. Also^ the temperature of the filled foam 
material is preferably increased slowly^ preferably at a 
rate of less than 200°C/hr and more preferably less 
than lOO^'C/hr. For example, the filled foam material 
5 may be raised to a temperature of 600 ^^C at a rate of 30 
to eO^'C/hr in the first heating step; the material may 
then be maintained at a temperature of 600*^0 for 1 hour. 

The heating step for sintering, which is the second 
heating step in the case where there are first and 

10 second heating steps, preferably involves heating the 
material to over 1000^*0. Preferably the material is 
maintained at a temperature of over 1000 ""C for more 
than 1 hour. In the example of the invention described 
below, the second heating step comprises raising the 

15 temperature from SOO'^C to 1280**C at a rate of 120**C/hr 
and then maintaining the material at 1280 °C for 4 hours. 
Subsequently the material is cooled to room temperature 
at the rate of 200**C/hr. 

The step of coating the walls of the cells of the 
20 pieces of foam material with a ceramic slip may include 
the steps of immersing the pieces of foam material in 
the ceramic slip and draining some of the ceramic slip 
from the pieces of foam material. In order to obtain a 
thicker coating the iiranersing and draining steps may be 
25 repeated. The steps may be repeated six or more times 
but we have found that repeating the immersing and 
draining steps once produces good results. 

The step of draining some of the ceramic slip from 
the pieces of foam material may comprise the step of 
30 supporting the pieces of foam material on a perforated 
support surface. For example, the pieces of foam 
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material may be placed in a sieve and may be shaken. 

In order to promote even coating of the cells 
throughout the volume of the pieces of foam material^ 
the pieces may be mechanically compressed and then 
5 allowed to expand while they are immersed in the ceramic 
slip. 

The sintered bone substitute material may be 
composed of any suitable ceramic material. 
Hydroxyapatite (HA, chemical formula 
10 Caio(P04)6(OH)2f Ca/P=1.67) is one of the preferred 

materials, together with tricalcium phosphate (TCP, 
Ca/P=1.50). In the example of the invention described 
below the sintered product is a mixture of HA and TCP. 

Air may be directed, preferably at high velocity, 
15 onto the coated foam material, preferably onto all sides 
of the material, to inhibit the formation of closed 
cells . 

The method preferably results in a granular bone 
substitute material having a macroporosity in the range 
20 of 40 to 70%. 

Preferably the material has many relatively large 
pores. Thus it is preferred that more than half of the 
macroporosity of the material is provided by pores 
having an equivalent diameter greater than 150 vim and 
25 preferably in the range of 150 to 450 ^m. 

According to the second aspect of the invention 
there is also provided a granular bone substitute 
material comprising a multiplicity of granules of a 
porous sintered ceramic, each granule having 
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approximately the form of a positive image of an open 
celled foam material, the walls defining the cells 
within the granules being hollow and the granule 
occupying a space of less than 1000 mm^. 

5 The granular bone substitute material may have a 

compressive modulus at a load of 500 N of more than 
40 MPa and/or it may have a compressive modulus at a 
load of 1000 N of more than 60 MPa. The compressive 
modulus is measured by a standard die plunger test. 

10 As mentioned above, materials of the first and 

second aspects of the invention may possess an 
especially good combination of macroporosity and 
breaking stress. Indeed, a third aspect of the 
invention is characterized by such properties. Thus, 

15 according to a third aspect of the invention, there is 

provided a bone substitute material of a porous sintered 
ceramic having approximately the form of a positive 
image of an open celled foam material, the material 
having a macroporosity in the range of 40 to 70% and a 

20 breaking stress of more than 1 MPa. 

According to a fourth aspect of the invention, 
there is provided a method of forming a bone graft 
comprising the steps of implanting a bone substitute 
material that is approximately in the form of a positive 
25 image of an open celled foam material into or onto a 
bone. 



The bone substitute material may be a granular 
material and may be of the kind defined above. The 
material may be implanted into a bone and substantially 
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entirely enclosed therein^ but it may also be implanted 
into a recess on the surface of a bone. 

Alternatively the bone substitute material may be 
in a single piece and may be of the kind defined above. 
5 In one example, the material is in the form of a 
cylindrical block, which may be of circular cross- 
section. Such a block may be implanted into a. spine of 
a person or animal. The material may be in the form of 
a preshaped block and may be implanted into a 

10 correspondingly shaped space in or on the surface of a 

bone, for example in the case of a condylar defect. The 
implant may contribute to the structural strength of the 
bone, and may even provide most of the structural 
strength in a region of the bone. The implant may 

15 provide a scaffold into which or onto which bone can 

grow. In some applications it may be desirable to place 
the material in a cage or other structure which is then 
implanted. 

Whilst various features have been described with 
20 reference to particular aspects of the invention, it 
should be understood that such features, may where 
appropriate be applied to other aspects of the 
invention. For example the bone material according to 
the second aspect of the invention may be in the form of 
25 a cylindrical block which may be of circular cross- 
section. Also a feature described with reference to a 
method of fabricating a material may also where 
appropriate be applied to the material and vice versa. 

By way of example certain embodiments of the 
30 invention will now be described with reference to the 
accompanying drawings, in which: 
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Figure 1 is a schematic drawing of a device for 
use in a first part of a method of 
fabricating a bone substitute material. 



Figures 



2A to 2C are schematic drawings 

illustrating subsequent parts of a method 
of fabricating a bone substitute 
material, and 



5 



Figures 



3A to 3F are schematic drawings 

illustrating certain applications of 
materials embodying the invention. 
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Exemplary methods of fabricating a bone substitute 
material are described below and employ two starting 
materials: firstly, an organic foam material having an 
open cell structure with each cell connecting to each 
15 neighbouring cell; secondly, a ceramic slip. 

A first exemplary method is carried out using the 
device shown schematically in Fig. 1. A rectangular 
sheet 1 of open cell foam material (for example, 
measuring 240 mm X 80 mm X 25 mm) is held by G-clamps 2 

20 which grip opposite ends of the material and are held 

apart from one another at such a spacing that the sheet 
of material is lengthened to a total length of about 30% 
more than its natural length. While the block 1 is held 
in position it is placed in an air flowing oven for a 

25 period of time and then removed and placed in an air 
flow chamber (with the air at room temperature) for a 
further period of time. In a particular example the air 
in the oven is at 150 and the block is placed in each 
location for 15 minutes. The effect of the treatment is 

30 to introduce a permanent deformation in the foam 
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material. The pores in the material , which were 
originally of mainly spherical shape ^ become of 
ellipsoidal shape . 

The stretched foam material is cut into pieces 
5 measuring in a particular example 40 mm X 25 mm X 10 mm 
and placed overnight in distilled water and then allowed 
to dry ready for slip impregnation. Referring now to 
Fig. 2K, a piece of foam material 3 is inserted into the 
female part 4 of a mechanical plunging machine which 
10 contains ceramic slip 5. The male part 6 of the plunger 
is then lowered and pushes air and slip out of the 
material. On retraction of the plunger 6 the foam 
material 3, which is fully immersed in the slip 5, has 
the slip drawn into it coating the walls of the cells of 
15 the foam material. Those walls may be viewed as struts 
within the material. The process of lowering and then 
retracting the plunger is repeated once. 

The foam material 3 is then held above the female 
part 4 as illustrated in Fig. 2B and slip is allowed to 
20 seep out of the foam leaving the cells mainly full of 
air but with the cell walls coated by the slip. The 
foam material is placed on tissue paper to remove any 
excess moisture. 

The coated foam material 3 is then sprayed on all 
25 sides with high velocity compressed air as illustrated 
by arrows 7 in Fig. 2C to reduce the likelihood of 
closed cells forming^ to promote even coating of the 
cell walls and to dry the ceramic slip. To complete 
this stage of the process^ the material is placed in an 
30 airflow oven at 120 "C for six hours in order to ensure 
it is moisture free. 
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The coated foam material is then slowly heated from 
room temperature to cause the organic foam to decompose 
slowly and completely by combustion, the products of the 
decomposition being allowed to escape. The heating is 
5 then increased substantially to sinter the ceramic slip 
and form the bone substitute material. In examples, the 
temperature was increased at the rate of 30 to 60 'C per 
hour from room temperature, until a temperature of 600 'C 
was reached. The oven was then held at a temperature 

10 of 600 'C for 1 hour to complete a first stage of 

heating. During this slow and relatively gentle heating 
all of the polyurethane foam decomposed, and the green 
porous material was left. The temperature of the oven 
was then further increased for a second stage of heating 

15 at the rate of 120 per hour until it reached 1280 'C. 

The temperature was maintained at 1280 for 4 hours and 
then cooled to room temperature at the rate of 200 per 
hour. At the end of the second stage of heating the 
sintered material had been formed. 

20 The bone substitute material produced after 

sintering has a good combination of strength and 
porosity. Furthermore the stretching of the foam 
material results in an orientated material with a 
selected degree of elongation of the pores in the foam 

25 material and in the sintered product. The macroporosity 
of the product was measured using image analysis 
combined with the Optimas 6.1 imaging software and 
showed the following results in one particular example: 
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Pore range (ym) 



Total % of porosity 



10-15 



12.5 



150-450 



79.3 



450+ 



8.2 



The exemplary method described above was modified 
to produce a granular material. The step of stretching 
5 the foam material was omitted and the foam material was 
cut up into cubes the sides of which had lengths in the 
range of 2 to 4 mm. The cubes were coated in 
substantially the same manner as described above and 
then shaken gently in a sieve to drain ceramic slip from 
10 them. They were then dried and heated in the same 

manner as described above. After sintering the granules 
were placed in a polyethylene container together with 
zirconia milling media and ball milled for 6 hours. The 
milling rounded off the edges of the granules. 

15 The procedures described above were carried out 

with foams of different pore sizes including 20, 30 
and 45 ppi (pores per inch) . 

The macroporosity of the granules produced in this 
way was similar to that indicated above. The 
20 compressive modulus of the granules was tested using a 
standard die plunger test. The material was compacted 
into a die, loaded up to 500 N, then relaxed, taken up 
to 1000 N and then relaxed. The results with a foam 
material of 30 ppi were a modulus of 49.6 MPa when 
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loaded up to 500 N and a modulus of 66.5 MPa when loaded 
up to 1000 N. 

The bone substitute materials described above may 
be used in many different ways. Figs. 3A to 3F provide 
some examples of applications of the materials. In 
Fig. 3A granular bone substitute material 11 is shown 
grafted in a bone 12 and enclosed within the bone. In 
Fig. 3B a single piece of bone substitute material 13 
which has been formed into a desired shape by machining 
of the sintered product, is shown implanted in a bone 14 
to deal with an uncontained defect in the bone. 
Similarly in Fig.3C, a prefoimed plug 15 of bone 
substitute material is shown grafted into a bone 16 to 
deal with a condylar defect. Figs. 3D and 3E show the 
use of cylindrical pieces of sintered bone substitute 
material in a spinal application. Fig. 3D shows the 
general arrangement with two cylindrical pieces 17 of 
bone substitute material housed in cylindrical cages 18 
which are located between vertebral bodies 19. Fig. 3E 
is a sectional view through one of the cages 18 that is 
housing a piece 17 of substitute material. The cage is 
of a kind known per se and has circumferential grooves. . 
Finally, in Fig. 3F a preformed piece 20 of sintered 
bone substitute material is shown acting as a structural 
graft between two pieces of bone 21, 22. 



